ABSTRACT A comparative study of the effects of ethanol/diesel (DE) and n-pentanol/diesel (DP) blends on the engine performance and emission in a direct-injection diesel engine was carried out. The results show that brake specific fuel consumption increases with increasing alcohol fraction for both DE and DP fuel blends. Nevertheless, DE and DP fuel additions show no significant influence on brake thermal efficiency. Besides, ethanol and/or n-pentanol slightly increase the brake specific gaseous pollutant emissions such as the brake specific total unburned hydrocarbon (BSHC), carbon monoxide (BSCO), and nitrogen oxides (BSNOx), while dramatically reduce particulate emissions. The DE and DP blends show approximately the same level of BSCO and BSHC emissions, while DP blends result in slightly higher BSNOx and particulate emissions. A detailed kinetic model was proposed to calculate the soot formation precursors such as benzene and pyrene. The modeling results show that the length of carbon chain has only slight effect on soot reduction under relatively low oxygen mass content, while ethanol/diesel blend exhibits lower soot formation under high oxygen concentration. Diesel engine, ethanol, pentanol, emissions, kinetic model. 
I. INTRODUCTION
In recent decades, ethanol has been widely investigated to substitute diesel fuel in diesel engines since it is biorenewable and has the potential in reducing emissions. In addition, the second generation bio-ethanol can produce from not only food crops but also from versatile non-food feedstocks through lignocellulosic biomass extraction [1] . Moreover, with increasing energy demand, bio-ethanol has the potential of partially replacing the fossil fuels for applications in internal combustion engines.
Ethanol/diesel blended fuel has been investigated and shown to be applicable for unmodified conventional diesel engine since 1980s [2] . Many studies have been conducted to reveal the influence of ethanol/diesel mixtures on engine performance, durability, emissions as well as transient operation [3] - [6] . As shown in the previous studies, the emissions arising from the use of ethanol/diesel mixtures varied
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significantly resulting from different engine design, size, and operating conditions [2] , [7] . However, in terms of the total unburned hydrocarbon and particulate emissions, there is a consensus that ethanol addition in diesel contribute to higher unburned hydrocarbon and lower particulate emissions.
Recently, higher carbon alcohols have become a research hotspot because that the higher carbon alcohols have better miscibility with diesel and higher energy density compared to bio-ethanol. Therefore, abundance of fundamental combustion and engine tests have been conducted on propanol and butanol [8] - [12] . Kumar and Saravanan [13] reviewed the effect of higher alcohols on diesel engines performance and concluded that only a few studies had been performed on the addition of pentanol in diesel engines. n-Pentanol is also a biomass derived renewable fuel as well as bioethanol. Recently, some researches were performed regarding mass production possibility of n-pentanol. Specifically, Fatma et al. [14] and Wenning et al. [15] proposed the methods to produce long-chain alcohols through biological pathways, while Chen et al. [16] reported increasing supply VOLUME 7, 2019 This of the iterative addition unit acetyl-CoA by acetate feeding further drove 2-ketoacid flux into the elongation cycle and enhanced 1-pentanol productivity.
As addressed by Hansen et al. [2] , ethanol suffers from miscible with water, low viscosity, low cetane number, low calorific value, low flash point and poor miscibility as well as stability with diesel fuel. However, n-pentanol has higher cetane number and nearly 30% higher energy density than those of ethanol, see in Table 1 . Besides, n-pentanol has comparable viscosity with diesel fuel and is insoluble in water. Campos-Fernández et al. [17] compared the physical properties of alcohols with diesel fuel containing up to 5-carbon. They found that n-pentanol has similar properties with those of diesel fuel and hence it is the most attractive alternative among the alcohols for replacing diesel fuel. As shown by Campos-Fernández et al. [17] , there are no stability or miscibility problems even adding up to 25% (by volume) n-pentanol into diesel fuel. Owing to higher flash point, n-pentanol is more convenient in the storage and transportation compared with ethanol.
To improve the viscosity of rapeseed oil, Yoshimoto and Onodera [18] introduced n-pentanol into rapeseed oil in an unmodified diesel engine and found that the smoke emissions decreased linearly with increasing n-pentanol fraction. Campos-Fernández et al. [17] investigated the effects of n-pentanol/diesel blends on short-term performance in a direct injection diesel engine. Their results suggested that up to 25% n-pentanol addition to diesel fuel shows only small loss of performance in a diesel engine without any modifications. However, engine emissions were not reported in the study. Wei et al. [19] carried out similar work as Campos-Fernández et al. [17] , and investigated not only the engine performance but also the gaseous and particulate emissions for n-pentanol/diesel blends on a direct injection diesel engine. They observed that the n-pentanol addition resulted in higher gaseous emission and lower particle emissions. Li et al. [20] conducted a series of engine testes to study the effects of blending pentanol with diesel and biodiesel fuels on the combustion and emission characteristics as well as the economy performance of a diesel engine. Their results revealed that the addition of pentanol could reduce soot emissions significantly and also reduce NOx emissions at low to middle loads compared to the diesel fuel. Kumar et al. [21] studied the effects of different blend-ratios addition of dimethyl carbonate (DMC), iso-butanol and n-pentanol in diesel by using a single cylinder-direct injection diesel engine. They found that both NOx and smoke could be reduced by simultaneously using advanced biofuel/ diesel blends, late injection and moderate EGR rates. Zhang et al. [22] evaluated the influences of butanol and pentanol additions on engine performance and the physical and chemical properties of particulate emissions from a single-cylinder DI diesel engine. Their results revealed that the blended fuels show very small effect on engine performance but can effectively reduce particulate mass and elemental carbon (EC) emissions. More recently, extensive investigations on n-pentanol, biodiesel blends, as well as n-pentanol and biodiesel-diesel blends were conducted. Zhu et al. [23] studied the effects of blending pentanol with WCO biodiesel on the combustion, gaseous and particulate emissions of a diesel engine while Yilmaz et al. [24] investigated the engine performance and emissions of a single-cylinder diesel engine fueled with ternary blends of diesel, biodiesel and n-pentanol at three engine loads.
The above literature review shows that ethanol has been studied extensively on diesel engine as substitute diesel fuel due to its capacity to reduce particle emissions and lessen consumption of diesel fuel. However, there are very few literatures on comparisons between the exhaust emissions of DE and DP blends, especially for experimental works. Atmanli et al. [25] investigated and compared engine performance and exhaust emissions of n-butanol/diesel and 1-pentanol/diesel blends in a compression ignition engine. Higher oxygen concentrations and higher latent heat of evaporation (LHE) lead to a cooling effect and lower combustion efficiency resulting in incomplete combustion and higher CO and HC emissions. significantly increased as the alcohol concentration increased. Yilmaz et al. [24] , [26] , [27] found that pentanol blends had lower HC emissions at lower loads and higher HC emissions at higher loads. The addition of pentanol to diesel had a significant impact on the reduction of NOx emissions. However, pentanol with waste oil methyl ester had an opposite effect on NOx emissions. This is mainly because of the increasing oxygen content inside the cylinder which leads to high temperature regions to form NOx. Moreover, the addition of an oxygenated fuel in diesel fuel would decrease particulate emissions. Wang et al. [28] found that, based on experimental investigations on diesel engines, the potential in particle reduction depended on oxygen content as well as the functional group of the oxygenates. Besides, molecular structures of additives, including the branched and the ring structures, were reported to have effect on soot formation on well-defined reactors and optical engines [29] , [30] . Gu et al. [31] observed that n-butanol/diesel blends exhibited lower soot emissions than iso-butanol/diesel blends at the same level of butanol addition. Westbrook et al. [32] proposed a detailed chemical kinetic modeling concerning soot precursors formation in premixed rich oxygenate/n-heptane mixtures, and found that carbon connecting to the single oxygen atom (like in the alcohols) did not contribute to soot formation while the carbon bonding to two oxygen atom (like in the esters) directly resulted in carbon dioxide formation. As a consequence, esters have less efficiency in soot reduction compared with alcohols at a given oxygen content, which is consistent with the measured soot mass in the tailpipe of an engine. Rakopoulos et al. [33] performed engine experiments of blending ethanol and n-butanol with diesel fuel, with the same oxygen mass fraction in each blended fuel, to investigate combustion behavior, engine performance and soot (smoke) emissions. Their results revealed that, in terms of smoke opacity, ethanol blends showed superiority over n-butanol blends in some cases for a given oxygen content and they suggested that this might be attributed to locally higher temperatures and/or to the different molecular structures. However, the combustion chemistry of carbon-chain of alcohols on soot reduction has not been widely explored.
One objective of this study is to acquire engine performance and to compare emissions of DE blends and DP blends with the same oxygen mass concentration in a direct injection diesel engine. In addition, the difference between the PM emissions of DE and DP blends may be caused by two reasons: i) the difference in the physical properties of ethanol and n-pentanol, which affect the mixture formation in the combustion chamber; ii) the difference in the combustion chemistry, which influence the formation and oxidation of soot precursors. Therefore, our second objective is to assess what extent the combustion chemistry of DP and DE blends will affect the soot formation. To achieve this purpose, a detailed kinetic model was proposed by the method reported by Flynn et al. [34] and Westbrook et al. [32] . Moreover, the effects of different physical properties of alcohols on soot reduction were also analyzed.
II. EXPERIMENTAL AND MODELING METHODS

A. ENGINE TESTING FACILITIES
The engine testing facilities used in present study have been described thoroughly in our previous work [19] . Briefly, the experimental work was carried out by using a naturalaspirated, water-cooled, four-cylinder, direct-injection diesel engine (ISUZU 4HF1) with a bore and stroke of 112 mm and 110 mm, respectively, and a compression ratio of 19.0:1. This type of engine is currently accounting a large market share in the truck engines in China. The schematic of the experimental system is shown in Figure 1 .
B. FUEL BLENDS PREPARATION
The tested fuels include conventional diesel fuel with sulfur content lower than 10 mg · kg −1 from Esso Hong Kong, as well as ethanol and n-pentanol with purity higher than 99%. To enable ethanol dissolving in diesel fuel, 2.5% (in volume) of n-pentanol was employed as a co-solvent in the DE blends. In this way, we can eliminate any influence arising from the other solvents in the comparison between DE and DP blends.
The detailed composition of the DE and DP blends are provided in Table 2 . Both the DE and DP blends were prepared and assigned fixed oxygen mass concentrations of 1.8%, 3.6% and 5.4% to exclude the effect of oxygen mass concentration in the comparison of soot emissions. Besides the oxygen mass concentration, the low heating values(LHV) and mass fractions of carbon and hydrogen for all the blends were estimated based on the mass fraction of each fuel added.
C. KINETIC MODEL
A phenomenological model of direct-injection (DI) diesel combustion developed by Dec and his co-workers [34] , [35] provides insight into the mechanism for soot formation and depletion during the event of DI diesel combustion. The model suggests that soot is produced during the premixed combustion period in the fuel rich zone of a fuel jet plume where the equivalence ratio of vapor-fuel/air is approximately 2-4, and is later burned in the diffusion flame zone. To clarify the effect of combustion chemistry on the soot formation, especially on polycyclic aromatic hydrocarbons (PAHs) formation, in a direct injection diesel engine fueled with DE and DP blends, a detailed kinetic model for ethanol/n-heptane blends and n-pentanol/n-heptane blends was developed.
In the simulation, the zero-dimensional premixed ignition process of an idealized constant volume homogeneous fuel rich mixture was computed under the condition similar with that in a DI diesel jet plume, using the SENKIN codes in Chemkin II [36] , [37] .
n-Heptane was usually used to simulate the diesel fuel in the kinetic model, since the conventional diesel fuel is a mixture of different kinds of hydrocarbons and not suitable for fundamental combustion study. A detailed n-heptane kinetic model developed by Lawrence Livermore National Laboratory (version 3.1) [38] , [39] was employed as the base model. In order to evaluate the PAH formation during the ignition event, a PAH sub-mechanism scheme up to four aromatic rings as well as PAH building reactions, developed by Reitz and co-workers [40] , was introduced into the detailed n-heptane model. As a simple alcohol, ethanol has been studied extensively and much effort has been concentrated on its kinetic mechanism construction [41] - [43] . Since the detailed mechanism of n-heptane was developed hierarchically, the ethanol sub-mechanism has already been contained in the detailed n-heptane model. Comparing the ignition delay times of n-heptane and ethanol in air (N2:O2 = 3.76) between tailored mechanism (symbols) and detailed n-heptane mechanism (lines: LLNL n-heptane version 3.1).
Thus, no further species or reactions were introduced into the n-heptane model to describe the oxidation of ethanol. However, the sub-mechanism of n-pentanol is not included in the detailed n-heptane model, thus, the detailed sub-mechanism of n-pentanol covering high and low temperature range developed by Heufer et al. [44] was introduced into the detailed n-heptane model without considering any cross-reactions. Due to multiple rising process of the temperature in the simulation, the simulated ignition delay time is defined as the time interval between the start of reaction and the moment of peak CH * concentration. Figure 2 shows the ignition delay times of n-heptane and ethanol calculated by the detailed n-heptane model and the tailored kinetic model constructed in present study. It is noted that the predictions for ignition delay times of n-heptane and ethanol can be well captured by the tailored model comparing with the detailed n-heptane model. The ignition delay time of n-heptane shows apparent 
, which is an important radical during the oxidation of ethanol, is almost acetaldehyde (C − C = O) and HO 2 [45] . Figure 3 compares experimentally measured ignition delay times [44] with the numerical calculations obtained by using the tailored mechanism, as well as predictions considering the facility pressure rise rate [46] . It is seen that n-pentanol shows NTC behavior under the moderate temperature range. It is because the formation of QOOH radical by isomerization of RO 2 radical and subsequent reactions with O 2 , which can account for the NTC behavior, becomes possible for longer carbon-chain length in the case of n-pentanol [44] . Besides, the tailored mechanism can give fairly well agreement with measured ignition delay times of n-pentanol.
According to the integrated perspective of the burning fuel plume provided by Flynn et al. [34] and the measured pressure profiles in this study, to simplify the modeling work, the initial gas temperature, pressure and fuel/air equivalence ratio were defined at values of 825 K, 55 bar and φ = 4.0, respectively, in all of the simulations.
III. RESULTS AND DISCUSSIONS
The experimental tests were carried out at five engine loads and the fixed engine speed of 1800 rpm, which is the same with our previous work [19] . The experimental methods and procedures are also similar with our previous studies [19] , [47] . Two-tailed Student's t-test was used to check whether the differences between the experimental results obtained from different tested fuels are statistically significant at 95% confidence level.
In this section, firstly present the comparison between the effects of DE and DP blends on gaseous and particulate emissions. The PAHs formation during premixed combustion was simulated to evaluate the difference in particulate emissions arising from different molecule structures. Besides contribution from the combustion chemistry aspect, the physical properties of alcohol might also be responsible for the obtained experimental results.
A. ENGINE PERFORMANCE
For each testing condition, mass flow rate of the fuel was monitored by an electronic balance. According to the engine torque and speed, mass flow rate and calorific value of fuel, the brake specific fuel consumption (BSFC) and brake thermal efficiency (BTE) were calculated and shown in Table 3 . In general, the BSFC decreases with the increase of engine load, but increases slightly at 7.10 bar. Zhu et al. [23] and Babu et al. [48] reported similar BSFC trend in blends. This may due to the high oil temperature and low excess air ratio at the engine load of 7.10 bar which deteriorate the lubrication and combustion, respectively, leading to the increase in BSFC. Furthermore, with increasing ethanol and n-pentanol, the BSFC increases at all five loads. It is expected that due to the lower energy density of ethanol and n-pentanol in comparison with diesel fuel, more fuel is required to generate a certain power output. Meanwhile, the DE blends present comparable BSFC with the DP blends with the same oxygen mass content in the blended fuels. As shown in Table 2 , DE-1, −2 and −3 blends have nearly equal heating values with DP-1, −2 and −3 blends. It can be observed that the BSFC at 0.84 bar is remarkably higher than that of other loads. At low engine load, the in-cylinder gas temperature TABLE 3. Comparisons of brake specific fuel consumption and brake thermal efficiency between DE, DP blends and neat diesel fuel. VOLUME 7, 2019 is relatively low, leading to incomplete and low efficiency combustion, resulting in higher BSFC.
With regard to the BTE, as shown in Table 3 , it increases as the engine load increases from 0.84 to 6.20 bar and decreases slightly when the engine load increases from 6.20 to 7.10 bar. At each engine load, there is only a small variation in BTE with increasing ethanol and n-pentanol, compared with neat diesel fuel. Wei et al. [49] and Nadir Yilmaz et al. [24] reported similar BTE trend in blends. It shows that statistically there is no significant difference between diesel and n-pentanol/diesel blends.
B. GASEOUS EMISSIONS
BSHC, BSCO and BSNOx emissions are given in Fig. 4 . As shown in Fig. 4 (a) , the BSHC gradually decreases with the increase of engine load for all the tested fuels, which results in an increase in in-cylinder temperature. As depicted in Table 1 , the addition of alcohol into diesel fuel shows higher HC emissions resulting from the higher latent heat of evaporation of ethanol and n-pentanol [50] . In addition, BSHC emissions for the DE blends and DP blends are very close with same oxygen content. This may be resulting from the longer ignition delay in the case of n-pentanol (as shown in Fig. 5 , the start of combustion data are derived from heat release data which are not presented in this paper), and the longer ignition delay could increase the 'lean outer flame zone' where flame could not be able to exist [51] . While the higher latent heat of evaporation of ethanol (as shown in Table 1 ) causes retarded evaporation leading to poorer mixture formation. Thus, the competition between these two factors lead to similar HC emission for the DE blends and the DP blends at a given oxygen mass content in the fuel.
As, shown in Fig. 4 (b) , similar to the BSHC emissions, the BSCO emission decreases with an increase in engine load for all tested fuels, which could be also attributed to the increase in in-cylinder temperature. As alcohols are added, the BSCO emissions increase. Cheung et al. [50] observed similar behavior of CO emissions in diesel/ethanol blends. They attributed the increase of CO emission to the cooling effect of alcohols, which reduces the in-cylinder temperature and causes lower oxidation of CO. Furthermore, they also found that longer ignition delay would contribute to higher CO emission. It could be expected that introducing either ethanol or n-pentanol in diesel fuel results in higher heat requirement for the fuel evaporation, which consequently reduces the temperature and leads to longer ignition delay, as shown in Fig. 5 . Moreover, Chen et al. [52] observed that the addition of alcohol in hydrocarbon laminar flame results in higher CO emission. They stated that the carbon connected oxygen in alcohol molecule will be converted to CO [53] , which results in the higher CO emission. On the other hand, BSCO emissions of DE and DP blends are of comparable level. Similar with BSHC emission, competition between the cooling effect and longer ignition delay results in comparable BSCO emission for both blends. The effects of ethanol or n-pentanol addition on BSNOx emission are presented in Fig. 4 (c) . Generally, for all tested fuels, BSNOx decreases with the increase of engine load. Significant increases in BSNOx are observed with the addition of ethanol or n-pentanol at intermediate and high engine loads, while only mild increase can be observed at low engine load. This is because the oxygen content containing in the alcohol might promote the formation of NOx. However, the higher latent heat of evaporation of alcohols results in lower in-cylinder temperature, which tends to suppress the formation of NOx. Furthermore, as shown in Fig. 5 , the longer ignition delay leads to more fuel burned in the premixed combustion mode and hence produces higher combustion temperature. In this case, DE and DP blends have the same oxygen mass content, thus, the first factor may have negligible influence. However, since ethanol has higher latent heat of evaporation and DE blends have shorter ignition delay, thus, DE blends exhibit lower BSNOx emission compared with DP blends.
The start of combustion for different fuels under different engine loads are shown in Fig. 5 . start of combustion (SOC) is defined as the beginning of rapid pressure rise or the beginning of heat release. It is an indication of ignition delay; the later the combustion starts, the longer is the ignition delay. From Fig. 5 , it can be found that with increase of engine load, the start of combustion of all tested fuels advances. That is to say, the ignition delay decreases with increase of engine load. For the different fuels, the ignition delay increases in the order of diesel, DE-1, DP-1, DE-2, DP-2, DE-3, DP-3. The shorter ignition delay of diesel compared with DE and DP blends is attributed to its higher density and bulk modulus of compressibility leading to advanced fuel dynamic injection timing [54] . Wei et al. [49] reported that higher viscosity makes the shorter ignition delay, The higher viscosity reduces the fuel loss in the injection process, contributing to earlier start of fuel injection as well. Figure 6 gives the brake specific PM (BSPM) emissions. For all the tested fuels, the BSPM gets a minimum value at low to intermediate engine load. Tse et al. [47] and Ghadikolaei et al. [55] found similar BSPM emission behavior for DE blends. Tse et al. suggested that lower combustion efficiency at low engine load and the higher particulate mass concentration at high engine load account for the high BSPM emission at low and high engine loads, respectively, which is in agreement with the present observation. With the addition of alcohols, BSPM emission decreases with increasing alcohol concentration in the fuel. On average of the five engine loads, compared with neat diesel fuel, DP-1, DP-2 and DP-3 reduce BSPM emission by 15, 30, 40%, respectively, while the corresponding reductions for DE-1, DE-2 and DE-3 are 36, 49, and 57%, respectively, indicating higher reduction in particulate mass concentration associated with the DE blends than the DP blends.
C. PARTICULATE EMISSIONS
Particle number concentration has become a serious concern for the environment and human health [56] - [58] . It is thus of interest to examine the particle number concentration in present study. Figure 7 presents the total particle number concentration for each fuel under three engine loads, which corresponds to low, medium and high engine loads, respectively. With the increase of engine load, the particle number concentration increases because more fuel was injected resulting in lower air/fuel ratio, which promotes the formation of more soot nuclei [59] . When either ethanol or n-pentanol is blended with diesel, the total particle number concentration decreases. This might be because of the change of oxygen content and the partial replacement of the highly sooting components in diesel fuel by the alcohol. According to the results of the particulate mass concentration observed in this study, it can be inferred that the DE blends have larger potential to decrease total number concentration compared with the DP blends, as shown in Fig. 7 . Generally, alcohols addition decreases both particle mass and number concentrations compared with neat diesel fuel, with ethanol being more efficient than n-pentanol. 
D. MODELING RESULTS
To evaluate the effect of alcohol on soot precursors formation, a baseline calculation was carried out at temperature of 825K and pressure of 55 bar for a premixed rich n-heptane/air mixture (φ = 4.0), as see in Fig. 8 . Ignition occurs during the rapid rise period in the temperature, where n-heptane and oxygen molecules are consumed rapidly. As described in Ref. [40] , the formation of the first aromatic ring (i.e. benzene, also referred to as A1 hereafter) is contributed by the recombination of two propargyl radicals C 3 H 3 + C 3 H 3 → A1, and C 4 + C 2 radicals (C 4 H 5 + C 2 H → A1 and
. In more detailed, through the integrated reaction flux analysis for A1 under the baseline condition for n-heptane/air, reactions
contribute 69.8, 17.1 and 3.7% in the formation of A1, respectively. Thus, radicals such as C 2 H ,C 2 H 3 , C 3 H 3 , C 4 H 3 and C 4 H 5 are considered as soot precursors, which are very vital for the soot production. Following the building of the first aromatic ring, A1, the formation of larger PAH rings (naphthalene:A2; anthracene:A3; pyrene:A4) are described by the H-abstraction-C 2 H 2 -addition (HACA) [60] , small radical and molecule addition sequences and reactions between aromatic radicals and molecules.
As shown above, A1 is considered as the primary soot precursor and its production rate is the rate controlling step in soot formation, and A4 (pyrene) is usually seen as sooting tendency. Therefore, accounting for the soot initial formation and/or soot surface growth process are not considered in this modeling work, the percentage of fuel carbon converted into A1 and A4 (pyrene) are selected to evaluate the soot formation rate for ethanol or n-pentanol/n-heptane blends. Figure 9 presents the comparison between the calculated peak percentage of fuel carbon converted to A1 and A4 as a function of oxygen mass contents for alcohol/n-heptane blends. It can be seen that alcohol presence indeed reduces the formation of A1, which even can be completely eliminated at certain oxygen mass contents, indicating less soot formation. Meanwhile, comparing with n-pentanol addition, ethanol addition is more valid in reducing A1 with the same oxygen content meaning higher efficiency in soot reduction. Similar to A1, the yielding of A4 decreases with alcohol addition, and ethanol addition is more favored comparing with n-pentanol addition.
Nevertheless, with increasing replacement of n-heptane with either ethanol or n-pentanol, the equivalence ratio varies with the increase of oxygen content in the fuel blends, as shown in Fig. 10 . Because of the lower carbon mole fraction in ethanol, ethanol addition can achieve lower equivalence ratio comparing with n-pentanol addition. Thus, the influence of equivalence ratio on soot formation should be considered as well, as illustrated in Fig. 11 . It is noticed that PAH formation (A4) decreases with the decrease of equivalence ratio. Besides, ethanol/n-heptane blends and n-pentanol/n-heptane blends present nearly the same effect for A4 formation. Thus, the difference observed in Fig. 9 might be primarily attributed to the influence of equivalence ratio. Many studies have shown that soot formation strongly depends on equivalence ratio [55] , [61] .
Consequently, further calculations were achieved for A4 formation as a function of oxygen content in the fuel blends, see in Fig. 12 . It can be concluded that soot formation of the fuel blends decreases with the increase of oxygen content. Meanwhile, the productions of A4 from ethanol/ n-heptane blends are lower than those from n-pentanol/ n-heptane blends and the difference is more significant at larger oxygen mass fractions.
As showed in Table 2 , the DE blends (DE-1, −2, −3) were prepared with the same oxygen mass contents as those of the corresponding DP blends (DP-1, −2, −3). However, with the same oxygen mass content, DE and DP blends have different soot reduction efficiency. Ethanol/diesel blends have better soot reduction than n-butanol/diesel blends, as reported by Rakopoulos et al. [33] . Rakopoulos et al. simply attributed the lower soot formation from ethanol/diesel blends to the influence on local temperature and the molecular structure. Actually, the observed soot reduction resulted from the addition of alcohol can also be caused by other factors, such as combustion chemistry, ignition characteristics, viscosity, boiling point, latent evaporation value, etc..
As analyzed based on the simulation results, soot formation strongly depends on the equivalence ratio. Table 2 shows that with the same mass content of oxygen, DE-1, −2, and −3 have nearly equivalent mass fractions of carbon and hydrogen compared with the corresponding DP-1, −2 and −3 blends. Hence, as reflected by the very close BSFC values shown in Table 3 , DE and DP blends could achieve similar overall equivalence ratio inside the combustion chamber. However, at the same equivalence ratio, the n-pentanol/ n-heptane blends have slightly lower soot reduction than the ethanol/n-heptane blends at small oxygen mass fraction (less than 5.4%) as shown in Fig. 12 .
Soot formation is also influenced by other fuel properties such as viscosity and boiling point. Regarding the influence of viscosity, Lapuerta et al. [62] stated that ethanol/diesel blends suffered from larger loss in viscosity compared with n-pentanol/diesel blends. Lower viscosity results in smaller droplet size, and hence increases the whole surface area of droplets and significantly influences the atomization characteristics [63] . In addition, ethanol has lower boiling point and can evaporate more easily compared to n-pentanol. Song and Litzinger [64] observed that soot reduction might be attributed to the boiling point to certain extent. Similarly, Liu et al. [65] investigated the soot emission for ethanol/biodiesel and n-butanol/biodiesel blended fuels in a constant volume chamber. They observed that the lower viscosity and higher volatility for ethanol could enhance the mixture formation and decrease the local equivalence ratio, and hence ethanol/biodiesel blends exhibit higher potential in soot reduction compared to n-butanol/biodiesel blends. Since n-pentanol has higher viscosity and boiling point than those of n-butanol, the influence of viscosity and boiling point on soot reduction might be even weaker. Therefore, it can be concluded that ethanol addition might achieve better atomization characteristics in fuel spray and hence improve the soot reduction compared with n-pentanol addition.
IV. CONCLUSIONS
Experiments were conducted on a direct-injection diesel engine fueled with DE and DP blends to compare their effects on engine performance and exhaust emissions. Besides, a detailed chemical kinetic modeling was performed to investigate the influence of carbon-chain length on soot reduction for ethanol and n-pentanol. The major conclusions are as follows:
(1) n-Pentanol can be employed as a co-solvent with volumetric fraction of 2.5% to achieve stable DE blends. Without any modification on the diesel engine, DE blends can be used and have no significant effect on engine performance. However, both DE and DP blends have higher brake specific fuel consumption due to the low heating values of ethanol and n-pentanol.
(2) With the addition of ethanol or n-pentanol, the brake specific emissions of HC, CO and NOx increase, while dramatic reduction in particulate emissions is observed. DE and DP blends with the same oxygen mass content show comparable BSHC and BSCO emissions, meanwhile, DP blends result in slightly higher BSNOx and particulate emissions.
(3) A detailed chemical kinetic model coupled with sub-mechanism of n-pentanol and PAHs was developed to calculate PAH formation in ethanol/n-heptane and n-pentanol/n-heptane blends, and was validated against ignition data of n-heptane, ethanol and n-pentanol.
(4) The simulation results shown soot reduction is strongly dependent on oxygen mass content in alcohol/n-heptane blends which is in accordance with experimental results. Furthermore, ethanol is better than n-pentanol in soot reduction, although the difference is more significant at higher oxygen mass content.
(5) Apart from the influence arising from combustion chemistry, i.e. length of carbon-chain, other important physical properties which might contribute to soot reduction were discussed. It is found that lower viscosity and boiling point may be important elements, resulting in higher soot reduction for ethanol.
In summary, in this study, both DE and DP blends increase BSFC and have no significant influence on BTE. In terms of the gaseous and particulate emissions, both blends lead to higher emissions of gaseous pollutants and lower particulate emissions. With the same oxygen mass content, DP blends generate higher BSNOx and PM emissions. Based on the simulation results, carbon chain length might have slight effect on soot reduction under the oxygen mass concentrations covered in this study. Nevertheless, the influence of viscosity and boiling point of the blend fuels should be taken into account. As such, further study about the fundamental spray and atomization characteristics of DE and DP blends is required.
